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In the present work, catalyst free GaN nanowires were grown on Si (111) substrates by plasma assisted 
molecular beam epitaxy followed by chemical vapour deposited few layers MoS2. The morphology of the 
GaN nanowires and MoS2/GaN were studied using scanning electron microscopy. The vibrational 
properties of MoS2/GaN nanowires/Si (111) substrates were analysed using Raman spectroscopy. The 
difference of 24.8 cm~! between E2g and Aig Raman peaks confirmed few layers of MoS. High Resolution 


X-ray diffraction results in accordance with Raman results also indicated the growth of few layers of 





MoS, on GaN nanowires grown on Si (111) substrates. As a result MoS2/GaN nanowires heterojunction 


Keywords: . . i i : . n 

ee with their exceptional structural and vibrational properties as studied in the present work can have great 
GaN potential for future optoelectronic devices. 

MoS; © 2020 Elsevier B.V. All rights reserved. 


Molecular beam epitaxy 
Semiconducting III-V materials 


1. Introduction 


The integration of technologically advanced III-Nitrides and 2D 
materials is of great interest for wide range of applications such as 
photodetectors, field effect transistors and photo catalytic appli- 
cations [1—3]. Heterostructures based on GaN find applications in 
several fields ranging from high power devices, optoelectronic 
devices, military applications and high frequency devices [4—11 ]. 
2D metal dichalcogenides especially MoS2 have opened a new route 
in the recent years and generated interest as they are potential 
candidates for optoelectronic devices like photodetectors, lithium 
ion batteries, spintronics, field effect transistors, supercapacitors 
and energy storage devices [12—15]. The moderate mobility of the 
charge carriers, direct energy bandgap, strongly bound excitons 
and high surface area of 2D materials allow applications in elec- 
tronic devices [16]. In addition 2D materials are thermally stable 
and have a negligible lattice mismatch with Ill-nitrides [17]. 
Recently Moun et al. have reported on MoS2/GaN heterojunction 
diode based photodetector with a high sensitivity of 10° A/W and 
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detectivity of 10'* Jones 18]. Chen et al. reported MoSe2/GaN het- 
erojunction diode can be utilised for optoelectronic applications 
with a photovoltaic emission at 850 nm for energy harvesting 19]. 
Goel et al. reported on the integration of MoS2 with GaN for ul- 
traviolet photodetector applications with a spectral responsivity of 
10° A/W20. Zhang et al. reported that integration of MoS with GaN 
can be utilised as a photocatalyst for water splitting applications 
using solar energy after nitridation [21]. Desai et al. have assessed 
the rectifying diode characteristics of vertical device based on 2D 
MoS2 on n-type GaN and obtained photovoltaic responsivity suit- 
able for optoelectronic applications [22]. Therefore, the integration 
of III-Nitrides and 2D materials such as MoS- needs to be studied in 
detail. Although there are few reports of MoS2 on GaN thin films but 
there not much reports on few layers of two dimensional MoS) on 
GaN nanowires. Thus, it becomes essential to study the properties 
of MoS2/GaN nanowires. 

Group III-Nitrides have attracted significant attention in the 
recent years due to their direct band gap (3.4 eV) in comparison to 
silicon, high electron mobility, high saturation velocities 
(~2 x 10’ cm/s), large breakdown fields (~3 MV/cm), chemical 
stability and ability to operate at high temperature [23,24]. 
Recently, GaN light emitting diodes (LEDs) combining with quan- 
tum dots have also attracted significant attention such as Guan 
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et al. have fabricated white LEDs with an efficiency of 40.6 
Im W7! by combining silica-coated CsPbBr3 quantum dots with 
In—Ag—Zn—S quantum dots on InGaN blue LED, Zang et al. have 
reported an improvement of 58.4% in the output power by using 
roughened ZnO and microhole arrays on InGaN LEDs, Han et al. 
have reported on CsPb2Brs nanoplatelets on blue GaN LED for green 
LEDs with an efficiency of 34.49 Im W~! and photodetectors ap- 
plications and Yan et al. have reported enhanced efficiency of green 
LEDs by combining CsPbBr3 quantum dots with InGaN blue LED 
chip [25—28]. Due to the lack of native substrate, the most 
commonly used substrates for the growth of these materials are 
SiC, sapphire and silicon [29]. Silicon is the most commonly used 
substrate for the growth of GaN films because of low cost possibility 
of realizing vertical devices with Si as substrates in comparison to 
free-standing substrates [30,31]. However, GaN layers suffer from 
threading dislocations (of the order of ~10? cm~7) which result in 
poor performance of the devices and surface related defects owing 
to large thermal and lattice mismatch between the substrates and 
GaN [32—34]. IIl-nitride semiconductor epitaxial films can be 
grown by various techniques like chemical vapour deposition, 
metal organic chemical vapour deposition, pulsed laser deposition 
and plasma assisted molecular beam epitaxy [35—38]. However, 
plasma assisted molecular beam epitaxy is the preferred choice 
because of controlled growth rates in ultrahigh vacuum thereby 
yielding high quality, epitaxial III-Nitride films [39]. 

Molybdenum disulphide is a metal dichalcogenide with a two 
dimensional layered structure of the form S—Mo-—S in which the 
atomic planes of molybdenum is sandwiched between the atomic 
planes of sulphur atoms on either side. Although there exists a 
strong covalent bond between the Mo and S atoms but there is a 
weak van der Waal interaction between the layers [40]. It is a direct 
bandgap material with a bandgap of 1.9 eV unlike its bulk coun- 
terpart which is an indirect bandgap semiconducting material with 
a bandgap of 1.2 eV due to which 2D MoS) is a promising material 
for many optoelectronic devices [41]. Another added advantage of 
this two dimensional material is better quantum confinement due 
to the increase in surface to volume ratio as compared to bulk MoSo. 

In the present study GaN nanowires were grown using plasma 
assisted molecular beam epitaxy on Si (111) substrates. The main 
advantage of growing the nanowires by this technique is that the 
growth can be initiated without any catalyst [42]. GaN nanowires 
also offer better quantum confinement because of higher surface to 
volume ratio unlike the GaN thin films. It has been reported that 
catalyst free GaN nanowires grown by plasma assisted molecular 
beam epitaxy are of high structural quality as they are free from any 
residual strain and have reduced structural defects in comparison 
to GaN nanowires grown in the presence of a catalyst [43,44]. 
Chemical vapour deposition is used to grow single crystalline, large 
area, layered transition metal dichalcogenides such as MoS [45]. In 
comparison to other techniques for layered MoS growth like me- 
chanical and chemical exfoliation, lithium intercalation, wet 
chemical methods, CVD prepared films are stoichiometric and have 
low density of defects [45—49]. In the present study, few layers of 
molybdenum disulphide were deposited on GaN nanowires by 
chemical vapour deposition as this method gives high quality of 
MoS >. The structural and crystallographic properties of the GaN 
nanowires and MoS2/GaN nanowires were investigated using 
scanning electron microscopy and high resolution electron 
diffraction respectively. Raman spectroscopy is utilised to study the 
vibrational properties and number of layers of MoS2 in the sample. 


2. Experimental details 


The growth of GaN nanowires was performed in SemiTEq, 
STE3N2 molecular beam epitaxy system using VEECO radio 
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frequency plasma source. 3 inch, n-type and low resistivity epi- 
ready Si (111) substrates were used for the growth experiments. 
The substrate was initially thermally degassed in-situ at 1170 °C to 
remove any native oxide. The substrate temperature was recorded 
using MODLINE IRCON and MIKRON pyrometers. 7 x 7 recon- 
struction was observed at the substrate temperature of 830 °C as 
shown in Fig. 1(a). The substrate temperature was again increased 
to 1170 °C followed by the nitridation of the substrate using 500 W 
plasma power and 1.5 sccm of nitrogen gas flow for 15 min. A clear 
streaky 1 x 1 in-situ reflection high energy electron diffraction 
pattern was observed after nitridation as shown in Fig. 1(b). 
Following nitridation the growth of nanowires was carried out by 
ramping down the substrate temperature to 780 °C. For GaN 
growth the shutter of Ga metal Knudsen cell was opened at the 
beam equivalent pressure of 6.37 x 10~> Torr and nitrogen flow rate 
was Kept at 1.5 sccm at a plasma power of 450 W. Initially there was 
no change in the streaky RHEED pattern but after few minutes of 
GaN growth the streaks converted to spotty like patterns as shown 
in Fig. 1(c). For catalyst free growth of nanowires crystalline silicon 
nitride layer formed due to the nitridation of the substrate which 
acts as nucleation sites for the growth of the nanowires. The 
thickness of GaN was approximately 450 nm as measured in-situ by 
laser interferometer using a 633 nm wavelength red laser. 

A low-pressure chemical vapour deposition (LPCVD) technique 
was used for the synthesis of MoS2 utilizing a two-temperature 
zone furnace with a quartz tube, an upstream zone for the evapo- 
ration of sulphur (S2) powder, and a downstream zone for solidi- 
fication of reactive species. Moly-oxide and sulphur were used as 
the growth precursors and the deposition temperature was opti- 
mized to be kept around 800 °C for the reaction between gaseous 
precursors to take place. 

The morphology of GaN nanowires and MoS2/GaN nanowires 
was analysed by field emission scanning electron microscopy 
(FESEM). X-ray pole figure measurements of GaN nanowires for 
(0002) and (101) reflections were performed using Panalytical 
X’Pert Pro MRD HRXRD system in which parabolic mirror was 
placed in the incidence geometry and OD mode of Pixel detector 
was used on the detector side. Grazing Incidence X-Ray diffracto- 
gram (GIXRD) scan was performed to identify GaN and MoS; phase. 
For the measurements the angle of incidence ~2° was fixed from 
the sample surface and the detector was scanned from (30—80°). 
Raman spectroscopic measurements were performed at room 
temperature by Horiba Jobin Yvon LABRAM HR Evolution Confocal 
Micro-Raman spectrometer system using visible (532 nm) laser 
excitation. 


3. Results and discussions 


The length and diameter of GaN nanowires depends upon the 
growth parameters namely the growth temperature, II-V ratio and 
the deposition time. Mata et al. have reported the length of the 
nanowires is nearly constant and the diameter decreases linearly 
with growth temperature in the range 770 °C—790 °C [50]. It has 
been reported that when the deposition time is greater than the 
nucleation time then the relation between length and diameter of 
the nanowires can be explained by diffusion induced mechanism 
[51]. Fig. 2 shows the scanning electron microscopy results of GaN 
nanowires on Si (111) substrates. The plan view and cross-sectional 
view of the nanowires are shown in Fig. 2(a) and (b) respectively. 
The results clearly show the formation of GaN nanowires on Si (111) 
substrates. The diameter of the nanowires ranges from 20 nm to 
90nm and the length of the nanowires is ~450 nm. The variation in 
the length and diameter of the nanowires can be ascertained to the 
fact the nanowires were grown without using a catalyst at a tem- 
perature of 780 °C and the deposition time was 1 h. The results also 
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Fig. 1. RHEED patterns (a) 7 x 7 reconstructuction after thermal degasing, (b) after nitridation of Si (111) substrates, (c) during the growth of GaN nanowires on Si (111) substrates. 





Fig. 2. FESEM images of GaN nanowires on Si (111) substrates (a) Plan view, (b) Cross-sectional view. 


indicate that the nanowires are highly dense and of good structural 
quality growing perpendicular to the substrates, in consistency 
with the literature [52]. 

High resolution X-ray diffraction measurements were carried 
out to study the crystallographic structure. X-ray pole figure mea- 
surements were performed for GaN nanowires on Si (111) sub- 
strates to determine the tilt in the nanowires along (0002) GaN 
reflection. The tilt angle (y) was varied from —48° to +48° at fixed 
26 angle and azimuth (®) scans were measured. The pole figure of 
GaN (0002) reflection is shown in Fig. 3(a) which shows only one 
maximum spot at ~® = 90° which indicates that the nanowires are 
aligned perpendicular to Si (111) substrates and are not randomly 
oriented in any other direction. These results are in agreement with 
SEM results discussed above. Fig. 3(b) shows the pole figure mea- 
surements at (101) reflection. The six equally spaced maximum 
intensity spots (~60°) reflect that the GaN nanowires show six-fold 
symmetry and crystallise in the wurtzite phase. These spots are 
Slightly tilted ~2-3° towards ® = 90° side. This indicates that the 
grown nanowires are almost perpendicular to Si (111) substrate 
with a slight tilt of 2-3°. 

Fig. 4 displays the high resolution x-ray diffraction patterns of 
the GaN nanowires on Si (111) substrates after MoSz deposition. I- 
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Fig. 4. HRXRD results of few layers of MoS2/GaN nanowires on Si (111) substrates. 
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Fig. 3. X-ray pole figure results of GaN nanowires on Si (111) substrates (a) along GaN (002) reflection, (b) along (101) reflection. 
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29 scans at grazing angle were performed to observe the results. 
The peaks at 25.96°, 37.11° and 53.52° can be attributed to (004), 
(103) and (110) planes of MoS2. The absence of the peak related to 
the (002) plane of MoS2 may be attributed to the few layers of MoS2 
on GaN nanowires. The diffraction peaks were indexed using JCPDS 
card no. 37—1492 [20]. The peak at 34.67° corresponds to (0002) 
plane of GaN. It also reflects that the nanowires are crystalline in 
nature and are oriented along <0001> direction. A sharp peak of 
GaN is observed due to an approximate thickness of 450 nm of the 
nanowires in comparison to only few layers of MosS2. In addition, it 
was observed that (004) peak corresponding to MoS» has a narrow 
full width half maximum indicating that MoSz grows along c-axis 
and is highly crystalline. 

Scanning electron microscopic results of MoS2 on GaN nano- 
wires/Si (111) substrates are shown in Fig. 5. The measurements 
were performed at an accelerating voltage of 10 kV. SEM results 
clearly indicate the formation of GaN nanowires decorated with 
triangular shaped MoSz domains on top as indicated in the figure. It 
has been reported in literature that MoS layers grown by chemical 
vapour deposition exhibit a triangular domain structure also 
evident from the results shown above [45]. 

Raman spectroscopy was used to study the structural and 
vibrational properties of MoS2 on GaN nanowires on Si (111) sub- 
strates. The optoelectronic properties of MoS2/GaN hetero- 
structures are strongly influenced by the number of layers of MoS2 
domains. Raman spectroscopy is one of the non-destructive effi- 
cient tools to determine the number of layers in MoS 2. The Raman 
spectra of MoS mainly consists of two Raman active modes namely 
the Ez. (383 cm~') mode and Aig mode (409 cm™') [53]. The Aj¢ 
mode also called the out-of-plane mode is associated with the out- 
of-plane vibration of sulphur atoms. The E2, mode or the in-plane 
mode arises because of the vibration of molybdenum and sulphur 
atoms in opposite directions. The number of layers is a function of 
frequency difference between Ajg and Ez, modes. Aig mode arises 
because of the vibration of sulphur atoms and its frequency de- 
pends on the interaction of adsorbates with MoS; [54]. It has been 
reported that the frequency of Ajg mode shows a blue shift due to 
enhanced electron phonon coupling while that of Ex, shows a red 
shift because of decrease in long range Columbic interaction due to 
increase in the dielectric screening with increase in the number of 
layers [55,56]. With increasing number of layers of MoS2, Aig mode 
blue-shifts owing to larger accumulated restoring force. However, 
the red-shifting of Ex, mode can be attributed to the surface effect 
due to the forces present at the surface of the thin film. Therefore, 
as the number of layers of MoS2 increases, the frequency of E2¢, 
mode decreases while that of Aig mode increases, thereby, the 
frequency difference between these two Raman modes increases. 





Fig. 5. SEM results of few layers of MoS2/GaN nanowires on Si (111) substrates. 
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Fig. 6. Raman spectra of MoS2/GaN nanowires on Si (111) substrates. 


Fig. 6 shows the Raman spectra of MoS2/GaN nanowires/Si (111) 
which validates the vibrational properties of MoS2-GaN nanowires 
heterostructures. The E2¢. (in-plane) and Aj, (out-plane) peaks for 
MoS; were observed at 383.2 cm~! and 408 cm7! respectively. The 
difference of 24.8 cm~! between the peaks confirms few layers of 
MoS 2 on GaN nanowires [18,55]. The large frequency difference can 
be ascertained to the fact that in this study 5—6 layers of MoS) are 
grown on GaN nanowires. There are few bands which are the 
combination of coupling with the longitudinal acoustic mode LA 
(M). The asymmetric peak observed at 460 cm7! can be assigned to 
second order 2LA (M) mode. The frequency of longitudinal acoustic 
mode is 233 cm! [53,54]. In addition Frey et al. [56] have reported 
that the 2 LA (M) mode further splits into multiple peaks. Li et al. 
[40] have reported that one of the peaks at 440 cm~! due to oxy- 
sulfide species can be observed only in ultrathin MoS» samples but 
since in our case the thickness of MoS, is limited to few layers we 
did not observe this peak in our measurements. Thus, the peak at 
460 cm7! in our results is attributed to 2LA (M) mode. The peaks 
observed at 568 cm~! and 743 cm™! corresponds to Ez high and A; 
(LO) vibrational modes in GaN. The frequency difference w — wọ in 
the E2 high peak positions of GaN nanowires and stress free GaN 
can be used to calculate the biaxial stress (o) in the nanowires using 
the relation w — wọ = —k;o where, ks(= 2.56 cm~! /GPa) is the 
proportionality constant [57]. The negative sign in the above 
equation indicates compressive stress. The value of o for GaN 
nanowires is found to be —0.16 GPa indicating the relaxation of 
compressive stress in the nanowires. The Raman peak observed at 
364 cm™! can be attributed to Si3N4 [58] which is formed after 
nitridation of Si (111) substrates during the growth of GaN nano- 
wires. Thus, our results suggest that MoS2-GaN nanowires are po- 
tential candidates for future optoelectronic device applications. 


4. Conclusions 


The structural and vibrational properties of chemical vapour 
deposited few monolayers of MoS2z on GaN nanowires grown by 
plasma assisted molecular beam epitaxy on Si (111) substrates are 
investigated. FESEM results indicate that GaN nanowires grow 
perpendicular to the Si (111) substrates. The SEM results also 
confirm that GaN nanowires are decorated by triangular shaped 
MoS- domains. X-ray pole figure measurements show that the 
nanowires have a wurtzite structure and oriented perpendicular to 
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the substrate. The (004) diffraction peak at 25.96° reflects the for- 
mation of two dimensional MoS» layers on GaN nanowires. The 
difference between Ajg and Ez, Raman peaks is 24.8 cm~! which 
further confirms few monolayers of MoSz. Furthermore, the 2LA 
(M) is observed at 460 cm~!. Thus, our results show that the inte- 
gration of GaN nanowires with two dimensional MoS paves the 
way for futuristic optoelectronic and high power devices. 


CRediT authorship contribution statement 


Mansi Agrawal: Conceptualization, Methodology, Validation, 
Formal analysis, Writing - original draft. Anubha Jain: Investiga- 
tion, Resources, Writing - review & editing. Vishakha Kaushik: 
Resources, Writing - review & editing. Akhilesh Pandey: Re- 
sources, Visualization, Writing - review & editing. B.R. Mehta: 
Supervision, Conceptualization, Writing - review & editing. R. 
Muralidharan: Supervision, Writing - review & editing. 


Declaration of competing interest 


The authors declare that they have no known competing 
financial interests or personal relationships that could have 
appeared to influence the work reported in this paper. 


Acknowledgements 


Mansi Agrawal is thankful to Solid State Physics Laboratory, 
Delhi for the research fellowship. The authors are grateful to Dr. 
Sushil Lamba for the growth of GaN nanowires. We also acknowl- 
edge the support of Anand Kumar and Amit for SEM measurements 
and Sandeep for HRXRD measurements. 


References 


[1] E.W. Lee, C.H. Lee, P.K. Paul, L. Ma, W.D. McCulloch, S. Krishnamoorthy, Y. Wu, 
A.R. Arehart, S. Rajan, Layer-transferred MoS2/GaN PN diodes, Appl. Phys. Lett. 
107 (2015) 103505. 

[2] D. Ruzmetov, K. Zhang, G. Stan, B. Kalanyan, G.R. Bhimanapati, S.M. Eichfeld, 

R.A. Burke, P.B. Shah, T.P. O'Regan, F.J. Crowne, A.G. Birdwell, Vertical 2D/3D 

semiconductor heterostructures based on epitaxial molybdenum disulfide 

and gallium nitride, ACS Nano 10 (3) (2016) 3580—3588. 

H. Jeong, S. Bang, H.M. Oh, H.J. Jeong, S.J. An, G.H. Han, H. Kim, K.K. Kim, 

J.C. Park, Y.H. Lee, G. Lerondel, Semiconductor—insulator—semiconductor 

diode consisting of monolayer MoS), h-BN, and GaN heterostructures, ACS 

Nano 9 (10) (2015) 10032—10038. 

J. Millan, P. Godignon, X. Perpina, A. Perez-Tomas, J. Rebollo, A survey of wide 

bandgap power semiconductor devices, IEEE Trans. Power Electron. 29 (2014) 

2155—2163. 

A. Krost, A. Dadhar, GaN-based optoelectronics on silicon substrates, Mater. 

Sci. Eng. B 93 (2002) 77—84. 

[6] S.P. Denbaars, Gallium-nitride-based materials for blue to ultraviolet opto- 

electronics devices, Proc. IEEE 85 (11) (1997) 1740—1749. 

B. Mitchell, V. Dierolf, T. Gregorkiewicz, Y. Fujiwara, Perspective: toward 

efficient GaN-based red light emitting diodes using europium doping, J. Appl. 

Phys. 123 (2018) 160901. 

B. Chatterjee, C. Dundar, T.E. Beechem, E. Heller, D. Kendig, H. Kim, 

N. Donmezer, S. Choi, Nanoscale electro-thermal interactions in AlGaN/GaN 

high electron mobility transistors, J. Appl. Phys. 127 (2020), 044502. 

C. Moreau, M.L. Pipec, S. Tence, J. Hemery, J. Rigo, C. Guérin, D. Ruelloux, 

C. Schneider, A complete methodology for assessing GaN behaviour for mili- 

tary applications, Microelectron. Reliab. 50 (2010) 1587—1592. 

[10] J. Zhu, X. Zhou, L. Jing, Q. Hua, W. Hu, Z.L. Wang, Piezotronic effect modulated 
flexible AlGaN/GaN high-electron-mobility transistors, ACS Nano 13 (2019) 
13161-13168. 

[11] A. Kumar, R. Kashid, A. Ghosh, V. Kumar, R. Singh, Enhanced thermionic 
emission and low 1/f noise in exfoliated graphene/GaN Schottky barrier diode, 
ACS Appl. Mater. Interfaces 8 (2016) 8213-8223. 

[12] S.K. Jain, R.R. Kumar, N. Aggarwal, P. Vashishtha, L. Goswami, S. Kuriakose, 
A. Pandey, M. Bhaskaran, S. Walia, G. Gupta, Current transport and band 
Alignment study of MoS2/GaN and MoS2/AlGaN heterointerfaces for broad- 
band photodetection application, ACS Appl. Electron. Mater. 2 (2020) 
710—718. 

[13] D. Jariwala, V.K. Sangwan, L.J. Lauhon, T.J}. Marks, M.C. Hersam, Emerging 
device applications for semiconducting two-dimensional transition metal 


[3 


— 


[4 


— 


[5 


— 


[7 


— 


[8 


— 


[9 


m_i 


[14] 


[15] 


[16] 


[17] 


[18] 


[19] 


[20] 


[21] 


[22] 


[23] 


[24] 


[25] 


[26] 


[27] 


[28] 


[29] 
[30] 
[31] 


[32] 


[33] 


[34] 


[35] 


[36] 


[37] 


[38] 


[39] 


[40] 


Journal of Alloys and Compounds xXx (XXXX) XXX 


dichalcogenides, ACS Nano 8 (2014) 1102—1120. 

Q.H. Wang, K. Kalantar-Zadeh, A. Kis, J.N. Coleman, M.S. Strano, Electronics 
and optoelectronics of two-dimensional transition metal dichalcogenides, 
Nat. Nanotechnol. 7 (2012) 699—712. 

D. Kufer, G. Konstantatos, Highly sensitive, encapsulated MoS2 photodetector 
with gate controllable gain and speed, Nano Lett. 15 (2015) 7307—7313. 
B.W.H. Baugher, H.O.H. Churchill, Y. Yang, P. Jarillo-Herrero, Intrinsic elec- 
tronic transport properties of high-quality monolayerand bilayer MoS2, Nano 
Lett. 13 (2013) 4212—4216. 

P. Yan, Q. Tian, G. Yang, Y. Weng, Y. Zhang, J. Wang, F. Xie, N. Lu, Epitaxial 
growth and interfacial property of monolayer MoS? on gallium nitride, RSC 
Adv. 8 (2018) 33193-33197. 

M. Moun, M. Kumar, M. Garg, R. Pathak, R. Singh, Understanding of MoS2/GaN 
heterojunction diode and its photodetection properties, Sci. Rep. 8 (2018) 
11799. 

Z. Chen, H. Liu, X. Chen, G. Chu, S. Chu, H. Zhang, Wafer-size and single-crystal 
MoSe2 atomically thin films grown on GaN substrate for light emission and 
harvesting, ACS Appl. Mater. Interfaces 8 (2016) 20267—20273. 

N. Goel, R. Kumar, B. Roul, M. Kumar, S.B. Krupanidhi, Wafer-scale synthesis of 
a uniform film of few-layer MoS2 on GaN for 2D heterojunction ultraviolet 
photodetector, J. Phys. D Appl. Phys. 51 (2018) 374003. 

Z. Zhang, Q. Qian, B. Li, KJ. Chen, Interface engineering of monolayer MoS2/ 
GaN hybrid heterostructure: modified band Alignment for photocatalytic 
water splitting application by nitridation treatment, ACS Appl. Mater. In- 
terfaces 10 (2018) 17419—17426. 

P. Desai, A.K. Ranade, M. Shinde, et al., Growth of uniform Mos; layers on free- 
standing GaN semiconductor for vertical heterojunction device application, 
J. Mater. Sci. Mater. Electron. 31 (2020) 2040—2048. 

O. Ambacher, B. Foutz, J. Smart, J.R. Shealy, N.G. Weimann, K. Chu, M. Murphy, 
A.J. Sierakowski, W.J. Schaff, L.F. Eastman, R. Dimitrov, A. Mitchell, 
M. Stutzmann, Two dimensional electron gases induced by spontaneous and 
piezoelectric polarization in undoped and doped AlGaN/GaN heterostructures, 
J. Appl. Phys. 87 (1) (2000) 334—344. 

F.A. Ponce, D.P. Bour, Nitride-based semiconductors for blue and green light- 
emitting devices, Nature 386 (1997) 351—359. 

H. Guan, S. Zhao, H. Wang, D. Yan, M. Wang, Z. Zang, Room temperature 
synthesis of stable single silica-coated CsPbBr3 quantum dots combining 
tunable red emission of Ag—In—Zn—S for High-CRI white light-emitting di- 
odes, Nanomater. Energy 67 (2020) 104279. 

Z. Zang, X. Zeng, J. Du, M. Wang, X. Tang, Femtosecond laser direct writing of 
microholes on roughened ZnO for output power enhancement of InGaN light- 
emitting diodes, Opt. Lett. 41 (2016) 3463—3466. 

C. Han, C. Li, Z. Zang, M. Wang, K. Sun, X. Tang, J. Du, Tunable luminescent 
CsPb2Br5 nanoplatelets: applications in light-emitting diodes and photode- 
tectors, Photon. Res. 5 (2017) 473—480. 

D. Yan, S. Zhao, H. Wang, Z. Zang, Ultrapure and highly efficient green light 
emitting devices based on ligand-modified CsPbBr3 quantum dots, Photon. 
Res. 8 (2020) 1086—1092. 

L. Liu, J.H. Edgar, Substrates for gallium nitride epitaxy, Mater.Sci. Eng. R 37 
(2002) 61—127. 

S. Pal, C. Jacob, Silicon—a new substrate for GaN growth, Bull. Mater. Sci. 27 
(2004) 501—504. 

D. Zhu, D.J. Wallis, C.J. Humphreys, Prospects of III-nitride optoelectronics 
grown on Si, Rep. Prog. Phys. 76 (2013) 106501. 

H. Shih, M. Shiojiri, C. Chen, et al., Ultralow threading dislocation density in 
GaN epilayer on near-strain-free GaN compliant buffer layer and its applica- 
tions in hetero-epitaxial LEDs, Sci. Rep. 5 (2015) 13671. 

T. Tomoyuki, K. Ohnishi, M. Kanoh, T. Mukai, T. Matsuoka, Appl. Phys. Express 
11 (2018), 031004. 

Y. Yao, Y. Ishikawa, M. Sudo, Y. Sugawara, D. Yokoe, Characterization of 
threading dislocations in GaN (0001) substrates by photoluminescence im- 
aging, cathodoluminescence mapping and etch pits, J. Cryst. Growth 468 
(2017) 484—488. 

H.R. Golgir, D.W. Li, K. Keramatnejad, Q.M. Zou, J. Xiao, F. Wang, L. Jiang, 
J.F. Silvain, Y.F. Lu, Fast growth of GaN epilayers via laser-assisted 
Metal—Organic chemical vapor deposition for ultraviolet photodetector ap- 
plications, ACS Appl. Mater. Interfaces 9 (2017) 21539-21547. 

W. Wang, W. Yang, Y. Lin, et al., Microstructures and growth mechanisms of 
GaN films epitaxially grown on AIN/Si hetero-structures by pulsed laser 
deposition at different temperatures, Sci. Rep. 5 (2015) 16453. 

R.D. Vispute, V. Talyansky, R.P. Sharma, S. Choopun, M. Downes, 
T. Venkatesan, K.A. Jones, A.A. Iliadis, M.A. Khan, J.W. Yang, Growth of 
epitaxial GaN films by pulsed laser deposition, Appl. Phys. Lett. 71 (1) (1997) 
102—104. 

S. Ganguly, J. Verma, H. Xing, D. Jena, Plasma MBE growth conditions of 
AlGaN/GaN _ high-electron-mobility transistors on silicon and their device 
characteristics with epitaxially regrown ohmic contacts, Appl. Phys. Express 7 
(10) (2014) 105501. 

S.S. Pasayat, E. Ahmadi, B. Romanczy, O. Koksaldi, A. Agarwal, M. Guidry, 
C. Gupta, C. Wurm, S. Keller, U.K. Mishra, First demonstration of RF N-polar 
GaN MIS-HEMTs grown on bulk GaN using PAMBE, Semicond. Sci. Technol. 34 
(4) (2019), 045009. 

H. Li, Q. Zhang, C.C.R. Yap, B.K. Tay, T.H.T. Edwin, A. Olivier, D. Baillargeat, From 
bulk to monolayer MoS2: evolution of Raman scattering, Adv. Funct. Mater. 22 
(2012) 1385—1390. 


AN ee dat tet 


M. Agrawal, A. Jain, V. Kaushik et al. 


[41] 


[42] 


[43] 


[44] 


[45] 


[46] 
[47] 
[48] 


[49] 


[50] 


J.K. Ellis, M.J. Lucero, G.E. Scuseria, The indirect to direct band gap transition in 
multilayered MoS as predicted by screened hybrid density functional theory, 
Appl. Phy. Lett. 99 (2011) 261908. 

M. Agrawal, A. Jain, D.S. Rao, A. Pandey, A. Goyal, A. Kumar, S. Lamba, 
B.R. Mehta, K. Muraleedharan, R. Muralidharan, Nanoharvesting of GaN 
nanowires on Si (211) substrates by plasma-assisted molecular beam epitaxy, 
J. Cryst. Growth 402 (2014) 37—41. 

P. Kamyczek, E. Placzek-Popko, Z.R. Zytkiewicz, Z. Gumienny, E. Zielony, 
M. Sobanska, K. Klosek, A. Reszka, Structural and optical characterization of 
GaN nanowires, J. Appl. Phys. 113 (2013) 204303. 

K.A. Bertness, N.A. Sanford, A.V. Davydov, GaN nanowires grown by molecular 
beam epitaxy, IEEE J. Sel. Top. Quant. Electron. 17 (2011) 847—858. 

V. Kaushik, D. Varandani, B.R. Mehta, Nanoscale mapping of layer-dependent 
surface potential and junction properties of CVD-grown MoS, domains, 
J. Phys. Chem. C 119 (34) (2015) 20136—20142. 

I. Song, C. Park, H.C. Choi, Synthesis and properties of molybdenum disul- 
phide: from bulk to atomic layers, RSC Adv. 5 (2015) 7495—7514. 

W,J. Li, EW. Shi, J.M. Ko, Z.Z. Chen, H. Ogino, T. Fukuda, Hydrothermal syn- 
thesis of MoS2 nanowires, J. Cryst. Growth 250 (2003) 418—422. 

R. Ganatra, Q. Zhang, Few-layer MoS) : a promising layered semiconductor, 
ACS Nano 8 (2014) 4074—4099. 

K.K. Liu, W. Zhang, Y.H. Lee, Y.C. Lin, M.T. Chang, C.Y. Su, C.S. Chang, H. Li, 
Y. Shi, H. Zhang, et al., Growth of large-area and highly crystalline MoS2 thin 
layers on insulating substrates, Nano Lett. 12 (2012) 1538—1544. 

R. Mata, K. Hestroffer, J. Budagosky, A. Cros, C. Bougerol, H. Renevier, 
B. Daudin, Nucleation of GaN nanowires grown by plasma-assisted molecular 
beam epitaxy: the effect of temperature, J. Cryst. Growth 334 (2011) 177—180. 


[51] 


[52] 


[53] 


[54] 


[55] 


[56] 


[57] 


[58] 


Journal of Alloys and Compounds XXX (XXXX) XXX 


R.K. Debnath, R. Meijers, T. Richter, T. Stoica, R. Calarco, H. Luth, Mechanism of 
molecular beam epitaxy growth of GaN nanowires on Si(111), Appl. Phys. Lett. 
90 (2007) 123117. 

S. Eftychis, J. Kruse, T. Koukoula, Th Kehagias, Ph Komninou, A. Adikimenakis, 
K. Tsagaraki, M. Androulidaki, P. Tzanetakis, E. Iliopoulos, A. Georgakilas, 
Understanding the effects of Si (111) nitridation on the spontaneous growth 
and properties of GaN nanowires, J. Cryst. Growth 442 (2016) 8—13. 

A.M. Stacy, D.T. Hodul, Raman spectra of IVB and VIB transition metal disul- 
fides using laser energies near the absorption edges, J. Phys. Chem. Solid. 46 
(4) (1985) 405—409. 

W. Zhang, J.K. Huang, C.H. Chen, Y.H. Chang, Y.J. Cheng, LJ. Li, High-gain 
phototransistors based on a CVD MoS2 monolayer, Adv. Mater. 25 (2013) 
3456—3461. 

C. Lee, H. Yan, L.E. Brus, T.F. Heinz, J. Hone, S. Ryu, Anomalous lattice vibrations 
of single-and few-layer MoS2, ACS Nano 4 (2010) 2695—2700. 

a A. Molina-Sanchez, L. Wirtz, Phonons in single-layer and few-layer MoS2 
and WS), Phy. Rev. B 84 (2011) 155413; 

b G.L. Frey, R. Tenne, M.J. Matthews, M.S. Dresselhaus, G. Dresselhaus, Raman 
and resonance Raman investigation of MoS2 nanoparticles, Phys. Rev. B 60 (4) 
(1999) 2883—2892. 

A. Kumar, M. Heilmann, M. Latzel, R. Kapoor, I. Sharma, M. Gobelt, 
S.H. Christiansen, V. Kumar, Rajendra Singh, Barrier inhomogeneities limited 
current and 1/f noise transport in GaN based nanoscale Schottky barrier di- 
odes, Sci. Rep. 6 (2016) 27553. 

D. Pastor, R. Cuscó, L. Artús, G. González-Díaz, E. Iborra, J. Jiménez, F. Peiró, 
E. Calleja, The effect of substrate on high-temperature annealing of GaN 
epilayers: Si versus sapphire, J. Appl. Phys. 100 (2006), 043508. 


